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Summary essential feature of traction drives is the transfer of
mechanical power using steel elements in rolling

A contact fatigue life analysis was performed for contact witll the traction forces being transmitted
a constant speed ratio, Multiroller Planetary through a thin film of lubricant. The simplest form
Traction Drive. The methodology was based on the of naction drive, although unlubricated, is the
Lundberg-Palngren theory for rolling-element locomotive wheel upon a steel rail. There are dozens
bearing life. The effect of stress, stressed volume, of traction drive designs, distinguished by the
and depth to the critical stress were taken into geometric shape and arrangement of -. e traction
account. A design traction coefficient of 0.05 was elements (refs. I to 4). Recent adqa-..,es in steel and
maintained. Life adjustment factors due to advances lubricant technology have greatly enhanced the
in rolling-clene¶,t bearing materials, lubrication and traction drive concept. Cleaner steels (vacuum
design were considered as well as the potentially induction melt-vacuum arc remelt) have improved
adverse effects of traction. Elastohydrodynamic film fatigue life almost an order of magnitude (ref. 5).
thickness calculations were made for representative Lubricants with a 50-percent increase in available
operating conditions. The drive consisted of a single- traction coefficient have been formulated (ref. 4).
stage planetary configuration with two rows of five Roller-to-roller loading eati be decreased, resulting in
stepped planet rollers each between a 2oncentric ring longer life for traction drives.
roller and sun roller element. These rollers formed a Traction drives have many advantages. They are
drive cluster approximately 0.21 meter in dliiaeter, quiet and smooth in operation. In one case it was
0.06 mete, in width, weighing 9 kilograms. I hc drive .,,owi-, th a tracticon drive was 24 decibels quieter
speed ratio was 14.7 to 1. .haii i comparable gear drive (ref. 6). High reduction

The drive system 10-percent life based oi, tn., ratio drives with high speed inputs are possible. It is
Lundberg-Palmgren theory modified by rolling- also possible to have traction drives with
element contact fatigue life adjustment factor- was continuously variable ratio adjustment. Traction
calculated for a spectrum of operating conditions drives can be made competitive with gear drives in
The system life ranged from 18 800 hours at 16.0 efficiency, weight, and size.
kilowatts (22.2 hp) and 25 000 rpm sun roller speed Commercially available traction drives are
to 305 hours at maximum load and speed of 149 manufactured in the United States, Europe, and
kilowatts (200 hp) and 75 000 rpm. At a nominal Japan. The drives are used mainly for industrial
continuous power and speed rating of 74.6 kilo,,atts machinery applications, but rarely exceed 11
(100 hp) and 75 (M0 rpm, the drive system life was kilowatts (15 hp) rating. Traction drives have been
2440 huw . Th., sh.ortcs, lived cln,.c.t was the first experimentally investigated for automobile
planet roller-second planet roller contact since it had transmissions, submersible ocean going vessel
the highest maximum Hertz stress, propulsion drives, and aircraft auxiliary power unit

A study of the effect of first and second row rnller drives. Workers in the field are considering future
diameters and center locations was performed for a applications to land, marine, and air transportation
given design traction coefficient with a fixed number (ref. 3).
of planet rollers and for contacts with constant While there are definite advantages with traction
transverse geometries. For a given ratio an optimum drives, there are also areas of concern to designers.
life geometry existed. Roller stability has been studied (ref. 7).

From this analysis, torque capacity was found to Maintenance of adequate lubricant film thickness is
be proportional to the 2.8 power of overall drive size, desirable to prevernt rapid wear of the traction
for a 3ivtii drive configuration at a constant traction surfaces. Sufficient loading on the traction elements
coefficient and fatigue life. is necessary to prevent destructive gross slipping.

High contact stress due to load on the rollers limits
the surface fatigue life of the drive. Each of these

Introduction factors should be carefu!ly addressed whet
evaluating a proposed design for a traction drive.

Traction drives have been of interest to inventors, Recently a multiroller planetary traction drive was
engineers, and designers for miany years (ref. 1). Th- tested at the Lewis Research Center. It is shown in



First r ofur o' cr: c orft,:gonal shear stress exr.dnent
VIdnet rollers Serond tecm o' E modulus of elasticity. N/m 2 (psi)

e Weibull exponent
F curvature difference
f roller width, mn (in.)

h depth-to-critical stress exponent, in (in.)
K constant of proportionality

L life, hr

1 length of rolling track, m (in.)

Q normal roller load, N (lb)

r radius, m (in.)
S probability of survival

U stress cycles per revolution
V stressed volume, n13 (in. 3)

w segniwidth of rolling track, m (in.)

Ring roller z depth to maximum orthogonal reversing
t .t I shear stress, in (in.)

Automatic I
load n9 t L Rollin -elevient p curvature sum, m-1 (in.-I)
neChdnispim -bearnns n life (millions of stress cycles)

P available traction coefficient of lubricant
I igure 1. - Nisvytis rnu;;irollcr pldnetary tradion dr ive, contact

F design traction coefficient

figure 1. The drive performed smoothly with a peak 1' Poisson's ratio
loading of 127 kilowatts (170 hp), 73 000 rpm input 0 maxinium contact pressure, GPa (psi)
speed and nominal 14.7 to I speed ratio. The peak 7 maximum orthogonal reversing shear stress,
efficiency was 95 percent (ref. 8). The multiroller GPa (psi)
design concept was presented in reference 9. This (1 angular velocity, -pm
type of drive has nigh power capability, inherently
balanced internal forces, making bearing
requirements iess severe, and offers very high Subscripts:
reduction ratios.

The npurnpoe nf this report is tgi an analysis fnr

the life of multiroller traction drives.The analysis is A,B elastic bodies
based on Lundberg-Pal mgren theory which is used to a planet
predict the fatigue lives of ball and roller bearings r ring
(ref. 10). Coy, et al conducted an analysis similar to
the present investigation for the toroidal-type s sun
traction drive (ref. I1). The method was successfully xy,z reference planes
applied to spur and helical gears (ref. 12) as well as I sun
forming the basis of fatigue life estimations for
rentanufactured aircraft bearings (ref. 13). 2 first row planet (driven track in speed reducer

mode)
3 first row planet (driving track in speed reducer

Symbols mode)
4 second row planet (driven track in speed

a semimajor axis, m (in.) reducer mode)
B second row planet roller position 5 second row planet (driving track in speed
b semiminor axis, m (in.) reducer mode)
C first row planet roller position 6 ring
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Analysis (english units); h =7/3; c=31/3; and e= 10/9 (point
contact), 3/2 (line contact).

Fatigue Life Model

In reference 10, Lundberg and Palmgren presented Analysis of Single Contact

their hypothesis for the statistical relation of rolling- Figure 2 shows two elastic bodies in rolling
element bearing life to load and bearing size.The contact. This figure is a general representation of any
mode of failure was assumed to be subsurface traction contact. The roller crown profiles lie in the
originated fatigue spalling. The theory has been transverse plane, which contains the axes of rotation.
widel; used for bearing life calculations and also The rolling radii determine the nominal velocity ratio
provides a basis for gear life calculation which has of the two bodies. The plane of rolling is
agreed very well with the data from gear life perpendicular to the transverse plane. The centers of
endurance tests (ref. 14). The important parameters the principal radii of curvature are contained in the
are number of stress cycles ., magnitude of critical intersection of the transverse plane and the rolling
stress r, amount of stressed volume V, and depth plane. After the bodies are pressed together, the
below the surface at which the critical stress occurs z. contact point is assumed to flatten into a small area
The stressed volume is taken as of contact which is bounded by an ellipse with major

axis 2a and minor axis 2b. The pressure distribution
V X wzl (1) is semiellipsoidal as shown in figure 3. To complete

the life calculation of equation (3), the contact
--here I is the length of the rolling track which is Stresses must be obtained. The following procedure
traversed during one revolution of the rolling body may be used.
and the semiwidth of the rolling track is designated A widely used method of describing the geometry
W. of two ellipsoidal solids, A and B, in contact is to

From reference 10, the probability of survival S, express it in terms of the effective curvatures, that is,
for a bearing contact is given by the following
expression: 1 1 1

I rccqe V (2) wherelog• • z

I+ (5)
This relation is consistent with experimental _R rx rax
observations in the case of fatigue. The formula
reflects the known fact that the more localized the 1 1 1
stress is in the material (less stressed volume), the Kt rAy rBy(
greater is the endurance. This is because on a
statistical basis, there is less likelihood of a fatigue
nucleation site being coincident with a condition of Axis ot rotation .- -

high stress. Conversely, there is a greater probability
of a crack forming in the zone of maximum critical Roiing radis .-

stress, because the material is more rapidly cycled body A
toward failure in that region. Hence the depth to the . Crown radius
critical stress, as well as the magnitude of the stress
important, and with each stress cycle the probability
of failure increases.

From reference 11, the number of stress cycles Body B

endured with 90 percent reiiability is given by the
following equation: Crowin radius

K •h-) Il (3) Axis of r otation , Rollingj radius

Bascd on life testing of air-melted steel tolling-
element bearings, the following values are valid for Figure 2. - Geometry for bodies in rolling contact, Convex radii are
equation (3): K = 1.43 x 1095 (S.1. units), 3.58 x 1056 positive; roncave radii are negative.

poiie;cnav ai3 / ; ngtvc ,



7= 1.528 - 0.602 In (8)

-•. • ,= 1.00,0.597
6 = .000 ---- (9)

k/ k= !.034 Rj'. riO)( R,•/

Y• These simple equations eliminate the need for
numerical evaluation on a digital computer. These
simple equations are then directly used to evaluate

figure 3. - Cuntact pressure Oistriliution. Two tne semimajor a and seminiinor b axis of the contact
general curved surf.ices in point contact, ellipse arid the defoimnation at the centzi" of the

contact ht. Thus,

The variables R, and Ry represent the effective r adius 1 t '3

of curvature in the principal x and y planes, a = ,QR ()
respectively. It is assumed that convex surfaces ,, -- /
exhibit positive curvatures and concave surfaces,
negative curvatures. Planes x and y are the respective 68QR 3
planes of maximum and minimum relative curvature b = \ E (12)
for the bodies. These planes, called the principal /

planes, are mutually perpendicular. Planes x and y 2 1
must be chosen so that the relative curvature in plane 9 1 ( ) '\21
x is greater than in plane y; that i,., = L k2--t ] ii-kE' / J (13J

1 1 1 1
- + - > - + - where
rAx r-,B rAy rBy 2

The radii of curvature may be positive or negative E' [(1-,•A lEA] + [(1/- )IE8 ] (14)

depending on whether the surfaces are convex or

concave, respectively. The maximum reversing orthogonal shear stress r,
After the bodies are pressed together, the contact

point is assumted to flatten into a small area of ocr tadphz nenahtesraeo
cointatwi is bssumedtouflatend y a e allpe wh o contact. Expressions for these parameters can be
contact which is bounded by an ellipse with major obtained from Lundberg and Palmgren (ref. 10) as
axis 2a and minor axis 2b as shown in figure 3. Plane
. contains the major axis of the contact ellipse and
plane x contains the minor axis. The ratio k =a/b is - 2 t= (15)
called the eilipticity ratio of the contact. The values 2t(t !)q

of k range from 1 to op for various curvature
combinations of contracting surfaces. For cylinders b
in contact, the ellipticity ratio is co, and the flattened (t + 1I)-,52" (16)
area of contact is a rectangular strip. For spheres in
contact, the ellipticity ratio is 1. The first type is In these equations t is an auxiliary parameter and is
called line contact and all other types are called point related to k as follows (given by private
contact. comntmunication with Brewe and 4amrock):

The curvature difference is defined as
t= 1 4 0.304 k-1. 856 (17)

F= I(7) In general, the width of the rolling track is identical
k to the width of the contact ellipse. However, when

Brewe and Hamrock (ref. 15) provide simple the width of the contact pressure ellipse is exactly
formulas for determining the elliptic integral of the equal to the width of the roller, point contact is, in a
first I and second E kind as we!l as the ellipticity practical sense, transformed into line contact. With
parameter k that loading where point contact changes into lir.e
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contact, the pressui¢ arca is still elliptical in shape Application to Multiroller System
and the ltCss' re distribution is still parabolic. But
with increased loading, a leveling of pressure occurs. Alter tle stress cotnditions of each contact location
If tire rollers itt cotntact are of unequal width, then in a traction drive are detntnined, the life in millions
with increased load tite highest contact pressures exist of stress cycles for each roller cletncnt is computed
at the roller ends. This is tile so-called edge loaded front equation (3). The life in hours is given by the

condition. There is no known exact method of following equation, where u is the number of
calculating the tr ue stress at Ellis condition. As a identical stress cycles per rev'olution and w is the rpm
practical matter, edge loaded conditions should be of tie roller:

avoided. 71 1tJ0
If the traction contact contsists of two rollers L=- x (23)

without crown radii, and having equal widths, pure

line contact is said to exist. Pure line contacts are Since the planet rows do not orbit, the rotational
generally avoided in practice since high stresses can speeds of the rollers are inversely proportional jo the
occur at the edges of the contact with even a modest roller diameters. From probability theory, the life oh
amount of misalinentent. Tile line contact pressure the system, L, consisting of N roller elements is
distribution is shovn ill figure 4. For this special related wo the life of each element by the following
case, the following equations are used: equation:

h a! Q (-,, L- ) 18) (i L ) e2+ + ( L =1 (24)

,-1- At Lly p L7A t /

2Q This form of the equation is useful it the values of the
o = 2Q (19) Weibull parameter are not equal for each traction

ERf contact, as would be the case for mixtures of line and
point contact. If all exponents are equal, the

.S 01 equation is simpler to solve.

0.5 b (21) L=(Lr+Lf+ ... +L•) (25)

To account for the difference in the pressure
distribution between point and line contact, the
stressed volume should be taken as follows (ref. 10): Results and Discussion

2 (22) Application to Multiroller Traction DriveV= 4flz (2
4.

Figure 5 is a schematic of a two roller-row-tyne
drive as described in reference 9. In the case of a
speed reducer, the input torque acts on the sun roller
shaft and power is transmitted through the first and
second row rollers to the ring roller which is the
output element. Other variations (kinematic
itiversions) of tile drive are possible. In this
publication the drive was analyzed as a speed

- -reducer.
In order to transmit the traction forces, the rollers

must be pressed iogethc: under load. This is done
with a roller-ramp-type loading tnechanisit. When
the drive is placed under torque loading, tile

$2 mechanism automatically adjusts the roller contact
normal loads in proportion to the transmitted

f torque. The ratio of traction force to normal load, or
X b the design traction coefficient y', is held constant by

Y the loading mechanism for all torque loads abeve a
preset minimum. However, due to the static force
balance that exists across the roller cluster as

Figure 4. - Contact piessuredistribution. Iwo bodies in line generated by the automatic roller loading
contact.
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r- R0ller/ramp load occurred at tile contact between the first and
\ preload oreclhanin, second roy. rollers. At a sun roller torque of 19.0

R ' ,ing rollers N-rn (168 in.-Ibf) this maximtutm Hertz stress was '.70
GPa (246 000 psi). The maxitnunt Hertz stress for
each contact oiver the range of operating sun roller

" " -, torques is shown in figure 6.
'I H ,11 P laet atOln btmarPly

- [ 1" -S•' econd ro¢ planet roller Life Analysis Without Life Adjustment Factors

-- first raw planet roller The Lutidberg-Pahltgreri life analysis presented
previously was used to determine the 10-percent (90
percent survival) fatigue life of each traction contact
of the drive tested in reference 8 as a function of sun

Sroller torque. Equation (16) was used to statistically
surn up the individual contact lives, in order that an7 overall drive system life could be computed. Values
of F appropriate for line and point contact were used

-Sun roller L Speed ". as required. The results of this analysis are shown in
siratl [ow speed shalt figure 7. It is instructive to note that the life of the

total drive systern cart never be greater than the lite of
Figure 5. - Cross sectton of Nasvytis multiroller traction drive, the shortest lived contact. It is also clear from the

slope of the straight line relation shown on the log-

mechanism, the ratio of traction force to applied log coordinates of figure 7 that fatigue life is

normal load oi r design traction coefficient ap may inversely proportional to the cube of torque. That is

differ on each roller contact. In order to prevent slip ,
the design itaciroit coefficient p* at eaclh contact is
selected to be less than the available traction The life given in figure 7 is based on the original
coefficient of the lubricated contact p. This is Lundberg-Palrngten analysis, developed about 30
accomplished by choosing the proper cone angle in years ago. The constants and exponents of variables
the roller loading mechanism. The available lubricant used in their analysi, were empirically determined
traction coefficient depends on many factors, such as from life tests of bearings of that time period. Since
speed, load, temperature a. well as contact geometry that period there has been significant progress in
and surface finish. For the purpose of this analysis it bearing material development and processing as well
was assunsed that the lubricant's available traction as a better unlderstanding of te operating variables

coefficient significantly exceeded the design traction

coefficient of 0.05 under all operating conditions. Drive contact
Paranwetric tests (ref. 8) performed on a Nasvytis Stin-hirsl planet

tItUIiLUII I I . IU .-V OV i HII 0jI , C1i -ai115&1a s,'0 ult iU 0 1 -a rirst-se(ond pl +et

considered here with a traction fluid established that Setond pianet-i•,g
this is a correct assumtption. 280,10)

The Nasvytis multiroller drive which was analyzed -• - .s 1 -
for life and contact stress had five rollers in each of , K 1.2 . --- "
two rows. The test drive roller cluster was a! - .•-.-

approximately 0.21 meter in overall diameter and 2001 1 - -.- -"

0.06 meter in width, weighing 9 kilograms. It had a Y j 2
geometrical speed ratio of 14.7 to I. Calculations b 160[

were made to a nmaximum power level of 149 1 20- L1
kilowatts (200 hp) at a mnaxinmum sun roller speed of 1 - -_ • . . _
75 000 rpm. Rolling diameter contact ratios of the
drive tested in reference 8 for the sun roller-first 2 , o 8 W 1 7 t 14 to, 18 20)

row roller (driven track) contact, first row roller SUn roller torqLe, N-s

(driving tract)-second row roller (driven track) I.-- __ i ---I I I _ I
contact, and second row roller (driving track) - ring 20 40 60 8o t10 120 140 1o0 180

roller contact were 1.28, 3.87, and 2.97, respectively. Suo -oiler torqu,. into i.

Stress analysis showed that the maxinnum contact I igure 6. - Mtxilni.Jm 'i._rtz stress 31 yr l.e conticts as a ltmoic',o

pressure or Hertz stress for the drive at any torque of sun ro'llr t-qWr.
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Sun rotter tonrqu. Y- proportional to the 8.4 power of size. That is, for all

elliptical contact shapes.

t0t 1W 103 Lao(size)8. 4  (27)
Siii l roller torqtl* , in c ib ,

11(jSlre 7. - Drive The;ýlel.t 3tik t ib aý tinction for coiisiani lorque The
ot sun roller iOiqLue, value of the size exponent will change if theie is a

mixture of line and elliptical contacts in the drive,
Calculations also showed, that for a given drive

iltat govern rolling-element fatigue life. For these configuration, traction coefficient and fixed service
reasons fatigue lives pridicted asing classical life, torque load can vary as a function of overall
l.undberg-Palingren theory tend to be overly size. For all elliptical contacts from equations (26)
conservative and need to be adjusted for and (27), this relation is
advancements made in rolling-elentent bearing
technology. Appropriate life adjustment factors are Tac(size) 2 .8

discussed in a latei section of this report.
To determine the effect of size (roller diameter and as shown in figure 8.

contact width) on relative fatigue life at constant l-ront equation (27), a 14 percent increase in drive
torque, excluding life adjustment factors and size triples the calculated drive life at the same torque
changes in traction coefficient, all roller dimensions level. These calculations we!re made assuming no
were scaled by a uniform amount and the change in applied traction coefficient. However, a 14
caiculations repeated. The results of this exercise are percent increase in size at constant torque and
shown in figure 8. It is cleat that relative life of the traction coefficient will cause a 14 percent increase in
drive systetn is quite sensitive to size, in fact, contact velocity and a 33 percent reduction in contact

'7



pt e~ssut I oi ail elliptically shaped contact. I hios \,ill Sitl la,:c I oiligltttess /1/0 rý 1clutcd to fatigue lite. 1 lie:
untioubibtdlv lead it, at reductioti iii (tie akailable ct'tI'posite surl face roughniess is definecd ii'.
Info icdant Iiact iOt Lceffýicien. III I~ 11 1, it
cimpl'c iisttg tinlci a~c inl the applied it actilonll .

Coe tfticicit 11 ti Ie eI'.rit I d Ifenicc allill mci ca% ii ti11ic .4 l

contlact's 110t1tit1l lad w\ill cc1ut .1Ilte Ile, Isl CS11\ill
ill fac I t educ the siic e x1 oII t t inl tile whtete o., antd Oli ate tlte stitface fiitisties otfithe
aloteit mliotted equationi b, soui amiount dcpetiditig! mtuing bodics. The lubjicant -fatiguc. factot hias beeti
ott f ile nelsit isiv of til ftc nl icaiti's ti act io assigned a Nalue oit 1 .0 whlcii Itn fias a value ki1
cuefticiint to the -changes itt operating c~onditionts al'nt OXVttately 1 .3. D~etails of thle filin i hickncs.
cited. lu; xatti ple, it a 14lper ccii increase inl size lor calculat ion usi-in the At chat d anid Cowkinge ftottn na
a given kibric:ant at a patrticular Operating speed anid e~ktitntettded in refe; ence 5 ate gmiie itt ieteretice:
tot que Cause,, a It) pet centl loss inl the cs ailable 11. 1The lubricant used in thle Nasvyti. nitititollet
titact ion coefficient, drivie life) wijl be 2.3 tlinmes lotiget tract oti drivec in reference 8 \\a% a synthetic
ittkicad of three tlittle,, lottgi xftett chantge,, il cycloafiphiatic traction lubli teant artd [k. r-o!le

it at io cofficentare gnoted.surfce oughtes es ee less than 0.2 pill (8 pill )
rmts. A cointact itnlet i etiperat ure oft 344 K (100'(1 F)

Life Adjusitment F~actors was assuntcd. Due to ittlet shear heatinig arid
starvviion effects, it is unflikely that thle minittuitut

Ads atteetneitis iii tlI g eetei beartng Fill1) finm thtickntess would exceed tlte composite
technology have produced bearinig dcsigtts whichi, I'm surface rougltness by more than a factor of 4 (lct.
aI gi' n application), hake increased fatigue lives. A 16). Accordinigly, the /t "o ratio in this iinvestigatiton
betier undet Standiritg of thle variabiles that affect Will be limlited to a valuie Of fourI
fatigue life and the use of inproved nitaterials arid Onec additional factor not t reat.ed itt iefe reitce 5 but
rtattu fact litii g techtnique-, lave resulted iii rolling- itprta torctindveotcsisttptnily
clettieittibeatitiiglives that areoft'en mianyt imtes those deleterious effect Ahiich rtiact ion itself has oiltiie
shtict ILuitdberg-lPaltugreit theory predicts. Ili irolling-eluetnen fatigue life of the contact jug

reeugiiitioii of the i''pi overticrs life adjustmnten elciteletit. Sotile in~vestigatioits (icf. 1") fa~found a
factots biase been developed in reference 5 for decrease iii life in rolling-eletuetit fatigure rests itt
pi osidittg a more accurate predict ion of rolling- which sonic sliding or tractioti is introducedl. Yatigue
elementt bearing, life. Ini vie\\ of lthe si:1ilarit y itt tests (ref. 18) with irncreased spin (i.e., rotationlal
contact geotnlet my, tinalerials, Itiblicating factorsý, sfidirit within thIe cornact ar-ea) also shiowed a
operaiing coriditiions atnd failu~c modes, sevrerai of redutct ion itt fatigue life The an~alysis of reference 20
these factor-s developed for roll itg-elenent bearings has shtown that tangential or tract ion contact force.,
are eur~sidered to be equally applicable to the reduce rtie deptlt at which til mt taximtum sicaritig
inultiroller traction drive, Tile life adjust ritett factor s stress occurs. Since, in the 1-ucidberg-Palingrer.
to Vie considered here are thle ruateriafs factor, itheors (t ef. I 0), life theot etically decreases wit I a
riurerial processing factor arid lubrication factrur. decrease iii thle depth to thre iinaxittutir orthogornal

All of the rolling traction elemients itt the Nasvytis reversing sliear stress (see eq. (3)), traction force.,
'tuit iroiler ii act ion i kike arc il-ade flm corr"untable mlay ncm to reduce contact fatigue life. To account fom

elect rode vacumnt rtelted (CVM) rmaterials (ref. 8). Itis reducite art addir urual lite adj usutmentt factor,
The sunit oller is made frtitti Itrough-harderied CVN1 thle traction factor , will be introduced. Givent thle fact
AISi-52100 bearing steel witih a Rockwell-C hardtness thtat little COtteIlIiiVe traction conttact fatigue life data
of 61 to 63. Accorditig to reference 5. ini a beaiting is available. this factot for tile purposes of rh'is
applicationi, thre use of CVM AISI-521(tO steel would analysis will be arbitrarily giveit a %alue 'ot all
result in a cotmbitted ittaterial arid processing life contacts of 0.5. Tbis factor catr be treated as ait
mutahiplioat ion factot of 6. The otlter tract ion arbitrary- bit of corisservatismt until motre defirnitive
comnpontents ate tmatiufactuied froiti CVM SAL-93 10 values can be detet nuttied.
steel fiat is case carbur-i7ed to a Rockwell-Chlidniiess A suntimary of rthe life adjustmierti factors appears
of 60 to 63. Reference 5 suggests that the use of this iii table I for three typical points whicht cover a rartge
ritaterial will give a life rmultiplicatiorn equivafetu to of overatiutg conditionis up ito tlte mtaximnumi rated
througlt-hardened CVM AlSI-52I00. condition of 194 kilowatts (20 ftp) at 75 WKX) rprit

It is well known rthat tfle thickness of lubricant filmn itiptir speed. It is apparent frorti table 1 that these
xslticlt separates contacting rmachinte elenittens cart factors vary relatively little over the enttire operatirtg
htave a strong influence otit the contacts' fatigtue life. ~ottdiiiott spectrurit. Also listed itt table I is thle
In reference 5, the effectiveness of a lubricarti filmin iIl undberg-Pahmngreri l~fc at eac~h cortiact, thle contact
tertus of rthe ratio of fiurt thickness to eanrpositc life adjusted for life factors arid the adjusted drive
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Suit- l r t So". d Sii li t e~i t'i 111 Sc'sfii l s et d ptiel- lii si sec~.sid Punie C l i si s ctrd p1a
p iitplanc i fig Itre plnt inig plni plant I lifit

1.6 kW (22.2 lip) 74.0 kW k tl(10 lip) 149 kW, (2t_) lip)
25 00-r0tn sun speed 75 Xk0 rpin sun speed 75 (CXKI ipm suit speed

Marenial and ptrc'¢sstig tacti' ( 6 1 6 6 6 6 6 6,

Suiface speed, III sec 366 14.3 14 5 II0 43.0 43 5 It1( 43.0 41.5

Nortial load, N 978 131,1 2296 1470 2040 3440 2940 4041 6890

Maxiiiunm contact pressure, 0t'a I 1I 1.18 0.950 1.27 1 35 1 09 1.W) 1t 1 17

Filit thickness, 1,ili 1 14 0.489 0.972 1 14 1(.7 1.14 I 14 1.02 1 I 4

h,, 4.0 1.70 3.39 4.0 3 72 4.0 4.o 3.54 4 0

I ubtiication faitlo 2 65 1 .85 2.55 2 65 2.6 2 65 2 .65 2.6 2 65

Tiaction fac o 0.5 05 0.5 0 5 05 _5 0.5 (1 5 0 (5

Iotal life adju iiieint tac,.or 7.95 5.55 7.65 7.95 7.80 7.95 7.95 7.80 7.95

1 undberg-Palingien htite, hr 1i 4(00 404W 1.41 x 1•6 1130 399 139 00W 141 49.9 17 400)

Adtusted life, hit 1160X) 22 2400) 1.08 x I07 8980 3110 I.11 .
6  1120 389 1 ,8 (0<)

Adjusted dris. life, hI 18 8(0) 2440 31)5

system life. Figure 9 shows the life over a ranige of
input speeds and power levels based on the contact
fatigue life theory and life adjustment fa.tors, h) \

Effect of Relative Roilui Sie o,,-,-: .. L--r\;

The effect of relative roller size on Nasvytis ')\ -O N.

traction drive system life can be studied using the life :, 0,1,
analysis described previously. For a given ratio, • \\\\
number of planets and an arbitrary overall size, the
relative roller diameters can be varied to obtain the l 3 .- \
maximum total drive system life.Once the optimum . \ \ Sn+ r,•cr tiL,..

relative roller diameter ratios have been deterinined, I -. \,, (i,.-I)

one can scale the overall drive package size to meet . lb1

the given torque, speed and service life requirements. '
The procedure to be followed is simply to select \
allowable roller diameters and center locations and .

then calculate the fatigue life for an arbitrary ling Z7
roller size. The roller center locations are defined by 'E - \
dimensions B and C of figure 5, and the following . -
equations:-.

B =r 6 - 1-5
1 q.O 0 0ý"

C=rF + r2

The allowable values of B and C are determined from i a j __i . -

geometric constraint relations. The most obvious 0 40 80 120 I0 2W0

constraint is that the drive must have a specific ratio. Kw,. ksV

The first row of rollers must be of a diameter that ___A . __ __ ....
will fit without mutual interference according to the 0 25 5U 75 100 1U5 150

selected center location dimension C. The same is Pomr, lip
required of the second row rollers and dimension B. i 11 LIr, - AIlt,,,'iit I I I, -sl, hit ay fu 11.1ioirl ot

First row planet (driving track) radius r 3 was p,,,,t. .a,,, si,',i,.

9i



conistrained to be no miiallei than 5 percent of the roller dianmeters. 'That is, the diameter of the sunt may
ling bore radius r(. for bending st rengIth be made larger if the diamneters Of tile remaining
considerations of tile first row roller shaft. lIt rollem s are adjusted in size consistent with the overall
addition, it is required that a toggle action opemate desired 15-to-I ratio. The range ot such adjustments
between the rollers% in ordei to maintain sufficient decreases with increases in B/rn for a fixed value of
normal load at eachi triaction contact. Toggle act ion is C/r(6 , reachitng the litniting condition at the right
the amplification of nottual forces acting between thle most boundarY (ratio constraint boundat y) where
first aatd seconld rosm rollers when thle second row there is only one set of ioller sizes that yield the
rollers wedge themselvecs between thle first row desired ratio.
rollers. This toggle action or wedging effect helps Tile calculations showed that for any selected point
miatch the imtposed niormial load ito that required to (B/r 6 , C/r 6) thle life wkas greatest if thle maximum
transmit thle torque for a given traction coefficient. allowed sun diarneter was used. Thle variation in life

Figure 10 shows thle contraints and region of with sunt roller diamieter (with fixed Bl/r6, C/r 6) was
allowable roller center locations~in order to eliminate snmall; typically less than 10 per cent. Thle variation in
drive size front thle optimtizat ion, the axes in this life w~ith roller center locations was larger-. Figure I I
figure htave beeit nondiniensionalized by dividing shows the nmaxinmunm life for location (B/r 6 , C/r-t,)
dirnensicons B and C by thle ring radius r6. Each plotted as a functioni of (B.'r(S) amtd (C/r 6). The
constraint is in the form of a boundary which maxintum life occurred with thle following
separates a region of acceptable (B/rt, C/r6,) values nondinteoisionial roller diamteters, suit through ring,
front thtose that are not. in figure 10, Ohe values of r-esp,-ctivcly: 0.165, 0.234, 0.095, 0.326, 0.326, and
(B/r 6, Clr6) which meet all the given constrainits lie in 1.0. The mtaximumt life occurred at (B/r 6 ,,
thle cross-hatchied region as sitown. A drive Clr6.) =(B/rt,, C/r,)* =(0.0733, 0.399) which lies on
configuration having values of (B/r 6, C/'r6 ) whticht lie the ratio constraint boundary. The Nasvytis
outside this allowable region v-ould have one or more otultiroller traction drive reported ini reference 8,
of the following deficietncies: roller to roller which had a slightly lower ratio of 14.7 to 1. was
interferentce, no toggle action, radius r3 tOo small or a nearly opt inized wit h (B/lr6 , C/r 6) = 0. 663, 0.3 87,

rat o qalt 1 ~civ~ir. (f 5t .Fr Thle life var ied greatly along tilte ratio constraint
eacht allowable combination of center locations C1/r6 bountdary linle. It is interesting to investigate tite
and B/r 6, therL is a range of allowable planiet amtd sun reasott fom the decrease itt life as thle geonmetrv is

changed fromt thle optimum. Figure 12 shows tlte
variation itt drive life and cotmponent lives with
location on the ratio constraint boundaiy. It should
be reemphasized that all roller diameter

.61- contbina tions on this figure yield a Contstraint ratio of
15 to 1 . Thle moaximnum life is apparently ach-ieved as a

rirsi io. roller ((rlrý t trade-off anions thle comtponent lines. Thle sun and
tTJhh' k~mrrm-m rdt0II drivert tract of tlte first row rollers increase in life

5- 1? cchtý31I1 wltile the remiaining components decrease in life as
I B/r6 and C/r6 increase.

iFigurc shows the vaript ionl in -nract oressure
Re'K o ot v itit location on the ratio constraint boutndary. The

Cr16 .4 'Aut Vahe., stress continually 'decreases onl the suni-planet
actorcontact. The other two conttacts see similar stress

Constrirn, trends, with fairly conistant levels of stress up ito thle
- Uounrl'llry t o~rrrn arger- values of IB~r(,. C/r 6) where thle stresses

.31 -ordr rapidly increase. As it measure of thle overall severity
of stress thle rescaled product of osp~, oPP, and opr is
shown. Thie tininimuni of this function occýuis at

[irt rm- ollr (iliingB 1Cj,=0.6773 whereas thle maximumt lifc is at
trkim rii nimur drivin B*/i,, =0.6733. The trends of contact stress producýt

13constraint -Secomind ~ roller lirtrrni tri:ck) alontg the ratio coinst rain line correlate well with life
r~~rdrnlrlnlvl ~ ratu ,Lr~d~ rends1. Thle overload factor as a function of posit ion

on the ratio constraint boundary was also impected.
__ -~ or values o: (B/r,6. Clr 6) less than (B/r6, Clr6)' the

.4 .5 .15 .7 .8 overload factor, or tlte ratio of applied normal load81 r6  to required normal load, ranged fronT I1.0 it) 1.25..
I irt. to. - i'or ns'.ict region for rolter cc~itct oration Abov2 (B/r,,, C/r 0,) the overload factor rici-cased

10 nrns~r~
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exponentially for the planet/planet and the by loss of toggle action and the resultant need for
planet/ring contact. This is because of loss of the high overload factors on the planet-planet and
toggle action or wedging effect between planet planet-ring contacts.
rollers. In summary, the loss of life for the smaller During the course of this optimization study, both
values of (B/r 6, C/r 6) was due to high stress on the the design traction coefficient, tt, and the rollers'
high speed sun element. The loss of life at the higher transverse radii were he;d constant. With
;'ales of (B/r6, C/r 6 ) was due to high stress caused adjustments in relative roller size, the peak available

"t j,
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traction coefficient of the lubricant will vary Concluding Remarks
somewhat and may necessitate a small change in p*.

However, variations in y* would be expected to have The analysis presented deals with only one of toe
a relatively minor effect on the results of this study. factors that shoud be considered when designing a
With regard to the roller's transverse radii, it is clear traction drive. Although fatigue life is important, the"|.. " ..... r.,il..:. u .l 1-1L.••I•

that chn ges. In t ic tL aiisv.[s. gconictry, su.ch a5 quU.s .. ois . i urive-zul.. . .tabil .,y andC

roller width for line contact or crown radius for should also be addressed. Since tractior drives,
elliptical contact, can cause significant variations in unlike gearing, rely heavily on the amount of traction
contact stresses and contact life. In selecting the that can be generated within the contact, the
proper transverse roller radii, other considerations lubricant, operating conditions, contact geometry,
such as the effect on the available traction and surface finish must be carefully selected on the
coefficient, spin velocities, and efficiency should be basis of both performance and life. Although
addressed, traction drives relative to other drive mechanisms are

Another constraint on this analysis is !hat the basic remarkably simple in principle, the technology
drive configuration of two rows of fi-ve planet rollers involved in arriving at the best design is rather
each was not varied. However, depending on the sophisticated.
requirements of size and ratio, a drive with some
other number of planet rollers may exhibit a higher
drive system life. For a truly optimi.:cd drive design Summary of Results
method, the traction coefficienct and transverse
contact geometry would be varied, and the entire A contact fatigue life Analysis for a Multiroller
procedure repeated for different numbers of rollers Planetary Traction Drive was performed. The life
and planet rows until a maximum life was found. analysis takes account of stress, stressed volume, and

12
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